1. Introduction {#sec1-genes-10-00788}
===============

Cancer of the colon and rectum (colorectal cancer (CRC)) is one of the most commonly diagnosed cancer types in Western countries. In the United States (US), the lifetime risk of CRC is 5%, and the death rate of diagnosed patients exceeds 30% \[[@B1-genes-10-00788]\]. Approximately 85% of colorectal tumors arise sporadically, and 15% are underlined by hereditary predispositions (reviewed in Reference \[[@B2-genes-10-00788]\]). The early stages of colorectal tumors are predominantly associated with mutations in the tumor suppressor adenomatous polyposis coli (*APC*) \[[@B3-genes-10-00788]\], resulting in aberrant activation of the Wnt signaling pathway. A subsequent mutation usually affects the Kirsten rat sarcoma viral oncogene homolog (*KRAS*) gene, which further enhances Wnt signaling and thereby facilitates the adenoma growth \[[@B4-genes-10-00788],[@B5-genes-10-00788]\]. In addition, mutations inactivating tumor protein 53 (encoded by the *TP53* gene) and some of the SMAD (an acronym of *Caenorhabditis elegans sma* and *Drosophila melanogaster* mothers against decapentaplegic genes) family member genes accumulate in the cancer cell; these mutations further promote progression of premalignant intestinal polyps toward carcinomas \[[@B6-genes-10-00788],[@B7-genes-10-00788],[@B8-genes-10-00788]\].

Colitis-associated colorectal cancer (CAC) arises as a result of chronic inflammation in the intestine and accounts for 1--2% of all CRCs (reviewed in Reference \[[@B9-genes-10-00788]\]). CAC tumors are situated within the colon in the areas of active inflammation and develop similarly to CRC via accumulation of numerous mutations in intestinal epithelial cells (reviewed in Reference \[[@B10-genes-10-00788]\]). However, while sporadic CRC is underlined by *APC* disruption, the earliest mutation event in CAC mainly affects the *TP53* gene \[[@B11-genes-10-00788]\]. Nevertheless, as in case of sporadic CRC, early activation of Wnt signaling is critical for the colitis-to-cancer transition \[[@B12-genes-10-00788]\]. *TP53* mutations were found in up to 89% of CAC patients \[[@B13-genes-10-00788]\], while other mutations present in sporadic CRC were less frequent, e.g., the *APC* gene alterations were found in less than 30% of CAC specimens \[[@B14-genes-10-00788]\]. In addition, *KRAS* mutations were detected in approximately 30--40% of both sporadic CRC and CAC \[[@B13-genes-10-00788],[@B15-genes-10-00788],[@B16-genes-10-00788]\]. CAC differs from sporadic CRC not only in the order of acquired mutations, but also by the type of mutations in individual genes. For example, in sporadic CRC, mutations in the *TP53* gene mainly impair the protein ability to bind DNA; however, in CAC such mutations are less frequent. In contrast, several "gain of function" (GOF) alterations of the *TP53* gene that increase tumor invasiveness, attenuate apoptosis, and increase genomic instability were predominantly found in CAC \[[@B13-genes-10-00788],[@B17-genes-10-00788]\].

The classification of colorectal tumors underwent significant changes over the last few years. The original approach of CRC classification was based on gene expression analysis, which, however, often showed considerable differences depending on the dataset used and experimental approach employed by individual research groups. To unify the classification of intestinal tumors, Guinney and colleagues performed a large-scale data analysis by linking six previously published CRC subtyping algorithms \[[@B18-genes-10-00788],[@B19-genes-10-00788],[@B20-genes-10-00788],[@B21-genes-10-00788],[@B22-genes-10-00788],[@B23-genes-10-00788]\]. The analysis resulted in the system of four consensus molecular subtypes (CMSs). Individual CMSs were defined not only by gene expression, but also by other characteristics such as mutation counts, somatic copy number alterations (SCNAs), i.e., gain or loss in copies of genomic DNA, microsatellite instability (MSI), cytosine-phosphate diester-guanine nucleotide (CpG) island methylator phenotype (CIMP), and differences in the immune response and activation status of various signaling pathways. The authors created a "gold standard" of CRC classification, where each CMS group is defined by certain biological properties, gene expression profiles, and clinical course \[[@B24-genes-10-00788]\]. According to this classification, most intestinal tumors (78% of 4151 tumors analyzed) may be assigned to one of the four CMS groups: CMS1 (also named "MSI immune"; 14% cases), CMS2 ("canonical"; 37%), CMS3 ("metabolic"; 13%), and CMS4 ("mesenchymal"; 23%) ([Table 1](#genes-10-00788-t001){ref-type="table"}). Tumors from the CMS1 group differed markedly from all other groups by high mutation counts and low SCNA counts, pronounced MSI, and wide-spread DNA hypermethylation. They overexpressed proteins involved in DNA damage repair and frequently carried mutations in the B-Raf proto-oncogene (*BRAF*); however, mutations in *APC*, *TP53*, and *KRAS* often occurred as well. The tumors also exhibited strong immune cell infiltration and activation, they predominantly occurred in the right colon, and patients had a low survival rate after relapse. In contrast, tumors from other groups had elevated SCNA counts, possibly related to high chromosomal instability (CIN). CMS2 group tumors displayed more frequent gains in the copy number of oncogenes and losses in tumor suppressor genes in comparison to other groups displaying CIN, i.e., CMS3 and CMS4 groups. The CMS2 tumors also exhibited elevated epithelial differentiation and hyperactivation of the Wnt pathway and increased Myc-dependent transcription. On the other hand, gene signatures indicating epithelial--mesenchymal transition (EMT) and matrix remodeling were underrepresented. Moreover, CMS2 group patients had tumors distributed within the left colon and rectum and better survival rates than those in other groups. Although tumors from the CMS3 group displayed high CIN in comparison to the CMS2 and CMS4 groups, they showed less SCNA counts and higher CIMP, and they were "hypermutated". CMS3 group tumors displayed the highest incidence of *KRAS* mutations, which are possibly linked to metabolic deregulation found in this type of CRC. Finally, CMS4 group tumors had typically high SCNA counts, hyperactivated transforming growth factor β (TGFβ) signaling, and increased expression of genes involved in EMT, angiogenesis, and matrix remodeling. Interestingly, CMS4 group tumors as the only group showed a gene expression profile indicating infiltration by both mesenchymal and immune cells. Patients from the CMS4 tumor group had the worst overall and relapse-free survival rates of all CMS groups \[[@B24-genes-10-00788]\]. Whereas the CMS classification is mainly based on analysis of sporadic CRC, the question arises with regard to how to assign CAC malignancies to the system. Since the initial mutation in CAC affects the *TP53* gene, CAC tumors could be included in the CMS2 or CMS4. However, CMS2 group tumors displayed decreased immune infiltration, which does not correspond to elevated pro-inflammatory nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling in CAC. On the other hand, tumors from the CMS1 group showed high immune infiltration and, in addition, CMS4 group neoplasms exhibited robust complement activation that was reported to contribute to CAC in the mouse model \[[@B25-genes-10-00788]\]. In conclusion, CAC characteristics do not completely fall into any particular CMS group. Moreover, although CAC tumors share multiple mutations with CRCs, the mutations are accumulated in a different order and the tumors develop in a specific microenvironment caused by chronic inflammation. Thus, CAC lies beyond the categorization developed for CRC.

The conclusions of the Guinney et al. study were used by Linnekamp and co-workers, who tested different CRC cell lines and, based on their properties, categorized them into the individual CMS groups \[[@B26-genes-10-00788]\]. Using different gene expression datasets from publicly available databases, 43 CRC cell lines were classified into individual CMS groups. Although the assignment into a particular CMS group often varied depending on the dataset used, 66% of the CRC cell lines showed consistent assignment to a specific CMS group across the datasets tested. The study also included mutational changes in CRC cell lines and alterations in the status of five major pathways that are frequently deregulated in CRC. The Wnt, p53, and receptor tyrosine kinase (RTK)/Ras pathways displayed similar alterations in CRC cells as in patient samples, whereas phosphatidylinositol-3-kinase (PI3K) and TGFβ pathways were mutated in CRC-derived cell lines with significantly lower frequencies than in tumor specimens. Furthermore, 18 cell lines were grown as xenografts and, even after multiple transfer, the cells maintained the original gene expression profiles. Moreover, cells isolated from 33 CRC patients were cultured in vitro as organoids. Interestingly, according to gene expression, organoids might also be classified into the four CMS groups. Importantly, with one exception, organoids retained the same expression patterns observed in the original tumor specimens \[[@B26-genes-10-00788]\]. Studies of CRC specimens, CRC-derived cell lines, and organoids brought considerable simplification, clarification, and unification of CRC characterization. However, elucidation of the molecular mechanisms involved in tumor initiation and progression requires analysis in living organisms. Although several recent articles provided an overview of mouse models suitable for studying CRC \[[@B27-genes-10-00788],[@B28-genes-10-00788]\], individual mouse models and strains remain to be assigned to the particular CMS group. Since CRC is a highly heterogeneous disease and the individual tumor subtypes display various characteristics, it is important to select the right preclinical model to best mimic the human disease and thereby reduce misleading conclusions. Therefore, in the following chapters, mouse models that are broadly used to study mutations frequently observed in human CRC are discussed, and the possible assignment of a specific cancer model to some of the CMS group(s) is suggested. We anticipate that many of the mouse models do not easily align with the established CMS classification. Nevertheless, for each CMS group, mouse strains that best fit the group characteristics are summarized in [Table 2](#genes-10-00788-t002){ref-type="table"}. Finally, the best studied so-called canonical branches of the particular signaling pathways are discussed throughout the review. These pathways are believed to function in an analogous manner in both human and mouse. Nonetheless, species-specific differences are indicated when appropriate.

2. Mouse Models of Chemically Induced Colorectal Tumorigenesis {#sec2-genes-10-00788}
==============================================================

Since different chemical compounds cause different mutations, utilization of chemical mutagens results in generation of a variety of tumors that fall into all CMS groups. Consequently, chemically induced tumors mimic the wide range of genetic alterations found in sporadic CRC and CAC. Additionally, chemical induction of intestinal tumors can be used to study the tumorigenic properties of chemical substances commonly found in the human diet or environment. One group of such chemical substances are heterocyclic aromatic amines that are present in grilled or roasted meat. For example, 2-amino-1-methyl-6-phenylimidazol\[4,5-b\] pyridine (PhIP) was used several times to induce tumors in the mouse or rat colons; however, the tumor incidence was relatively low \[[@B38-genes-10-00788],[@B39-genes-10-00788]\], although the tumor incidence was increased when PhIP treatment was combined with a high-fat diet \[[@B40-genes-10-00788]\]. Other tumorigenic substances are alkylnitrosamide compounds such as methylnitrosourea. This topical carcinogen does not require metabolic activation and, thus, may be administered directly into the colon lumen. Tumors induced by methylnitrosourea are formed mainly in the distal colon and rectum \[[@B41-genes-10-00788]\]. The lesions are well differentiated and frequently invade the submucosa. However, tumor induction by intrarectal administration of the mutagen is not high, and reproducibility of such experiments depends on the skill of the experimenter (reviewed in Reference \[[@B42-genes-10-00788]\]). The most frequently used chemicals for CRC induction are 1,2-dimethylhydrazine (DMH) \[[@B43-genes-10-00788]\] or its metabolite azoxymethane (AOM). AOM is a potent carcinogen that causes a wide spectrum of mutations in key genes encoding components of multiple intracellular signal transduction cascades \[[@B44-genes-10-00788],[@B45-genes-10-00788],[@B46-genes-10-00788],[@B47-genes-10-00788]\]. Upon administration, AOM is metabolized to methylazoxymethanol, and subsequently to formaldehyde and a methyldiazonium ion. The latter is highly reactive and causes alkylation of DNA bases. Repetitive administration of AOM leads to development of epithelial neoplasia initiated by abnormal colonic crypts, so-called aberrant crypt foci (ACF); ACF further progress to adenoma and malignant adenocarcinoma \[[@B48-genes-10-00788]\]. AOM-treated mice generate tumors predominantly in the distal colon; the tumors reach the advanced carcinoma stage within a few months after the mutagen administration. This can be considered an advantage, since the majority of genetic mouse models---in contrast to humans---produce tumors mainly in the small intestine. Moreover, as described in the following chapters, genetic manipulations of tumor suppressors or oncogenes predominantly induce multiple tumors that severely disturb the absorptive function of the epithelium. The tumor burden leads to preconscious animal death before individual tumors reach advanced stages \[[@B49-genes-10-00788]\]. Interestingly, it was reported that various laboratory mouse strains displayed different sensitivity to AOM (the sensitivity is manifested by the number of induced lesions) \[[@B50-genes-10-00788]\].

To create a model of colorectal tumors associated with chronic inflammation, a protocol combining AOM with an inflammatory agent, dextran sulfate sodium (DSS) salt, was introduced. Chronic inflammation leads to the formation of a microenvironment enriched with immune cells that produce pro-inflammatory cytokines and growth factors and, simultaneously, increase the local levels of reactive oxygen species. Subsequently, cell proliferation and the risk of DNA damage are increased. In the case of a long-lasting inflammatory response, cell transformation and tumorigenesis occur with high frequency. The inflammatory response and cell survival are promoted by the NF-κB signaling pathway. As shown in mice with conditional deletion of IκB kinase β (*IKKβ*), impairment of NF-κB signaling in colonic epithelial cells led to decreased tumor incidence without affecting the level of inflammation in AOM/DSS-treated mice \[[@B51-genes-10-00788]\]. Another advantage of the AOM and DSS combination is further reduction in the time needed for tumor formation. A single dose of AOM followed by five days of DSS treatment resulted in development of multiple colon tumors within 10 weeks \[[@B52-genes-10-00788],[@B53-genes-10-00788]\]. This procedure proved to be very reliable and reproducible and was used to induce CAC in mice. Given the different mutation site in genes such as *Ctnnb1* (the *Ctnnb1* gene encodes β-catenin), it is evident that the combination of AOM and an inflammatory agent induces a different spectrum of tumors in comparison to induction by the carcinogen alone (reviewed in Reference \[[@B54-genes-10-00788]\]; all indicated models of chemically induced colorectal tumorigenesis are summarized in [Table S1, Supplementary Materials](#app1-genes-10-00788){ref-type="app"}).

3. Mouse Models of Aberrant Wnt Signaling {#sec3-genes-10-00788}
=========================================

The canonical (i.e., β-catenin-dependent) Wnt signaling pathway maintains the balance between proliferation and differentiation of intestinal epithelial cells. Consequently, mutations resulting in aberrant activation of Wnt signaling initiate and promote tumorigenesis. Tumor suppressor gene *APC* encodes a key negative regulator of the pathway and it represents the most frequently mutated gene in CRC (reviewed in Reference \[[@B55-genes-10-00788]\]). Mutations in *APC* occur in all CMS tumor groups, with the highest representation in CMS2 (83%) and the lowest in CMS1 (40%). Concordantly, hyperactivation of the canonical Wnt signaling pathway was observed predominantly in CMS2 group tumors \[[@B24-genes-10-00788]\]. This chapter presents mouse models carrying (inducible) mutations in the *Apc* and *Ctnnb1* genes, as well as models enabling hyperactivation of the Wnt pathway by Wnt agonists R-spondins (RSPOs; corresponding models are summarized in [Table S2, Supplementary Materials](#app1-genes-10-00788){ref-type="app"}).

Wnt signaling is initiated upon Wnt ligand binding to the cell surface receptor Frizzled and co-receptor low-density lipoprotein receptor-related protein 5/6 (LRP5/6). The binding initiates a cascade of events leading to disintegration of the so-called β-catenin destruction complex, a cytosolic protein complex that regulates β-catenin stability (reviewed in Reference \[[@B56-genes-10-00788]\]). The APC protein interacts with β-catenin and establishes a protein core for the destruction complex, which further contains glycogen synthase kinase 3β (GSK3β), casein kinase 1 (CK1), and scaffold proteins axis inhibition 1 and 2 (AXIN1 and AXIN2) (reviewed in References \[[@B57-genes-10-00788],[@B58-genes-10-00788],[@B59-genes-10-00788]\]). Mutations in the *APC* or *CTNNB1* genes prevent formation of the destruction complex. This results in β-catenin stabilization and β-catenin entry into the nucleus. Nuclear β-catenin, together with transcription factors from the T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) family, activates transcription of genes important for cell proliferation and cell survival \[[@B60-genes-10-00788],[@B61-genes-10-00788],[@B62-genes-10-00788]\] ([Figure 1](#genes-10-00788-f001){ref-type="fig"}). Approximately 90% of sporadic colorectal tumors carry a mutation in *APC* and up to 5% in the *CTNNB1* gene (reviewed in References \[[@B63-genes-10-00788],[@B64-genes-10-00788]\]). Relatively rare are mutations in Wnt negative regulators *AXIN1/2* and in transcription factor *TCF4* (reviewed in References \[[@B65-genes-10-00788],[@B66-genes-10-00788]\]).

The *APC* locus was discovered by studying a rare hereditary syndrome, familial adenomatous polyposis (FAP) \[[@B67-genes-10-00788],[@B68-genes-10-00788]\]. Inherited mutation in the *APC* gene leads to development of hundreds to thousands adenomatous polyps predominantly located in the colon and rectum; the occurrence of polyps in the small intestine is less common. Because of frequent random inactivation of the second *APC* allele and successive accumulation of additional tumor-promoting mutations, the polyps progress to carcinoma by the age of 35 (reviewed in Reference \[[@B69-genes-10-00788]\]). Since most colorectal tumors harbor a mutation in the *APC* gene, a large proportion of mouse genetic intestinal cancer models target (or involve) the *Apc* gene ([Figure 2](#genes-10-00788-f002){ref-type="fig"}).

The human APC protein consists of 2843 amino acids, and its interactions with other proteins of the β-catenin destruction complex are mediated by several domains (amino-acid repeats) located in the central part of the protein. There are three 15-amino-acid repeats (15AARs) that bind β-catenin constitutively and seven 20-amino-acid repeats (20AARs) that bind β-catenin inducibly (the interaction with 20AARs depends on the phosphorylation status of β-catenin) \[[@B70-genes-10-00788]\]. Three serine--alanine--methionine--proline (SAMP) amino-acid repeats are responsible for interactions with AXIN1/2 \[[@B71-genes-10-00788]\]. The N-terminal part of APC contains another protein interaction domain that includes eight so-called armadillo repeats. Finally, the C-terminus of the protein interacts with proteins involved in microtubule assembly, cell polarity, and chromosome segregation. More than 60% of *APC* mutations are located in a mutation cluster region (MCR) in exon 15, and, in most cases, the mutations result in loss of the C-terminal portion of APC protein \[[@B72-genes-10-00788],[@B73-genes-10-00788]\]. The amino-acid sequence and domain composition of the Apc protein is evolutionarily conserved in metazoan species ranging from *Drosophila* to humans \[[@B74-genes-10-00788]\]. As the sequence identity of the human and mouse Apc proteins exceed 89%, the mouse represents a suitable mode to study the involvement of Apc truncations in intestinal cancer.

3.1. Multiple Intestinal Neoplasia (*Min*) Mice {#sec3dot1-genes-10-00788}
-----------------------------------------------

The *Apc^+/Min^* mouse strain is a frequently used genetic mouse model to study CRC. Similarly to FAP patients, these mice (generated by random chemically induced mutagenesis) carry a nonsense germline mutation in one *Apc* allele that results in *Apc* truncation at codon 851 \[[@B32-genes-10-00788],[@B75-genes-10-00788]\]. The Min mutation is autosomal dominant with 100% penetrance; while at homozygote state the mutation is embryonically lethal, the heterozygote animals are viable. After random inactivation of the second allele, adult *Apc^+/Min^* mice develop multiple intestinal polyps. The polyps predominantly develop in the small intestine, and to a much lesser extent in the colon. Occasionally, tumors might also appear in the mammary glands and stomach \[[@B76-genes-10-00788],[@B77-genes-10-00788]\]. Importantly, the incidence of polyps is dependent on the genetic background and may be influenced by the diet. For example, intestinal polyps developed with 100% penetrance in *Apc^+/Min^* mice on the C57BL/6 background do not progress to carcinoma as the animals die at young age (16 to 18 weeks) due to anemia, inflammation, and other symptoms associated with digestive tract damage. In addition, the mice developed a large number of small intestinal tumors and a relatively low number of tumors in the colon \[[@B75-genes-10-00788]\]. In contrast, only 7% tumor incidence was observed in *Apc^+/Min^* mice of the FVB/Nj genetic background \[[@B78-genes-10-00788]\]. Recently, Sodrig and colleagues reported extensive colon carcinogenesis in *Apc^+/Min^* mice of the AKR/J background \[[@B79-genes-10-00788]\]. Strikingly, Cooper and co-workers documented that the presence of the *Min* allele in the animals (presumably) of the same genetic background but originating from separate colonies might be manifested by a remarkably differing phenotype. The authors of the study purchased *Apc*^+/*Min*^ males of the C57BL/6 background from the Jackson Laboratory and crossed them with the wild-type (wt) C57BL/6 females originating from the Jackson Laboratory or from the domestic facility. The animals of the latter mouse "strain" designated *Apc*^+/*Min−FCCC*^ developed more colorectal adenomas showing an increased rate of malignant progression and rectal prolapse \[[@B80-genes-10-00788]\]. Importantly, the animals were housed in the same animal facility and kept on the same diet, excluding exogenous sources of the observed phenotypic differences. Nevertheless, it was shown previously that the "Western type" of diet (increased fat and reduced fiber, calcium, and vitamin D content) significantly increased the incidence of Apc-deficient intestinal tumors \[[@B81-genes-10-00788],[@B82-genes-10-00788],[@B83-genes-10-00788],[@B84-genes-10-00788]\]. Finally, different gene variants were examined to either enhance or attenuate the *Apc^+/Min^* phenotype. More than 10 genes called modifiers of Min (*Mom*) were discovered to date. The mechanism of action of *Mom* genes was described elsewhere \[[@B85-genes-10-00788]\].

3.2. Models Producing Mutant *Apc* Variants Longer Than Apc Protein Expressed from the Apc^Min^ Allele {#sec3dot2-genes-10-00788}
------------------------------------------------------------------------------------------------------

Although the *Apc^+/Min^* strain is a commonly used model for intestinal neoplasia, most human mutations present in sporadic or hereditary intestinal neoplasms generate a longer form of APC protein than the one expressed from the *Apc^Min^* allele. In human tumors, at least one *APC* allele produces a truncated protein retaining a functional β-catenin binding 20AAR motif \[[@B86-genes-10-00788],[@B87-genes-10-00788]\]. Therefore, two mouse alleles---designated *Apc^1322T^* and *Apc^1309^* (original allele names are used throughout the review)---were generated; the alleles express the truncated Apc protein retaining one 20AAR. *Apc^+/1322T^* mice produced over 200 small intestinal polyps by the age of 10 to 12 weeks, which represented a more severe phenotype than the one observed in *Apc^+/Min^* animals. Surprisingly, although expression profiling showed that the messenger RNA (mRNA) levels of stem-cell marker leucine-rich repeat-containing G-protein coupled receptor 5 (*Lgr5*) were increased, nuclear β-catenin levels were lower than in *Apc^+/Min^* mice \[[@B88-genes-10-00788],[@B89-genes-10-00788]\]. Since both strains, i.e., *Apc^+/1322T^* and *Apc^+/Min^* mice, were backcrossed with C57BL/6 animals, the discrepancy between the smaller amount of nuclear β-catenin and the more severe phenotype observed in *Apc^+/1322T^* mice cannot be explained by different genetic backgrounds. Nevertheless, the above observation can be explained by the finding that, when a certain level of nuclear β-catenin is exceeded, the production of intestinal tumors is (paradoxically) reduced \[[@B90-genes-10-00788]\]. In contrast, *Apc^+/1309^* mice have a milder intestinal phenotype than *Apc^+/Min^* mice, as they developed about 30 polyps by the age of 12 to 14 weeks. Moreover, the animals were affected by hyperlipidemia, a disorder characterized by abnormally elevated levels of lipids in the blood, at a younger age than *Apc^+/Min^* mice \[[@B91-genes-10-00788],[@B92-genes-10-00788]\]. The difference between the pathological manifestations documented in these mouse strains is striking, as the positions of the Apc protein truncation are only 13 amino acids apart. However, it might be explained by the differences in the gene targeting strategies used to generate the animals. Unfortunately, mice harboring the *Apc^1309^* allele are not available in Europe or United States, and a detailed protocol describing the strain generation was not reported in English.

As mentioned, the C-terminus of APC is frequently lost in CRC, indicating that it is essential for the APC tumor suppressive role \[[@B93-genes-10-00788]\]. For functional studies of the C-terminal portion of the protein, a mouse model named *Apc^ΔSAMP^* was created. In these mice, a central region of the *Apc* gene, which encodes six β-catenin binding 20AAR motives and all AXIN-binding SAMP repeats, was deleted, while the C-terminus was retained intact. *Apc^+/ΔSAMP^* mice exhibited the same phenotype as mice harboring the *Apc^1322T^* allele, which suggested that the presence of the C-terminal part of Apc is not sufficient to suppress tumorigenesis \[[@B94-genes-10-00788]\]. Moreover, three additional alleles were created; the alleles were designated *Apc^1638N^*, *Apc^1638T^*, and *Apc^1572T^*. The *Apc^1638N^* allele was generated by insertion of the phosphoglycerate kinase (PGK)--neomycin selectable marker cassette into exon 15 of *Apc* in reverse orientation. The insertion should have caused a truncating mutation at codon 1638. However, truncated Apc was not detectable by Western blotting, suggesting that *Apc* mRNA translation was possibly attenuated by the anti-sense transcript generated from the neomycin expression cassette; thus, the *Apc^1638N^* allele is, in fact, a null allele \[[@B95-genes-10-00788]\]. While *Apc^1638N/1638N^* homozygotes died prenatally, heterozygous *Apc^+/1638N^* mice were viable and developed several (five to six) adenomas and adenocarcinomas located close to the periampullary area of the small intestine. Moreover, all *Apc^+/1638N^* mice developed cutaneous follicular cysts and desmoid tumors \[[@B96-genes-10-00788]\]. Therefore, *Apc^+/1638N^* mice phenocopied some of the symptoms observed in humans with the attenuated adenomatous polyposis coli (AAPC) syndrome. Hereditary AAPC is manifested by fewer than intestinal 100 polyps, delayed age of the polyp onset, and presence of severe desmoid tumors, osteosarcomas, and epidermoid cysts \[[@B97-genes-10-00788],[@B98-genes-10-00788],[@B99-genes-10-00788]\]. The *Apc^1638T^* allele was generated by insertion of the PGK--hygromycin resistance cassette into exon 15 of the *Apc* gene in the sense orientation. In this arrangement, a truncated 1638-amino-acid-long polypeptide was indeed produced from the *Apc* locus. Surprisingly, *Apc^1638T/1638T^* mice were viable and tumor-free, thus displaying a remarkably different phenotype than that observed in *Apc^1638N/1638N^* and *Apc^+/1638N^* strains. Nevertheless, when compared to wild-type (wt) mice, the small intestine of *Apc^1638T/1638T^* animals was significantly shorter, migration and proliferation of intestinal epithelial cells was faster, and the numbers of Paneth and goblet cells were increased \[[@B100-genes-10-00788]\]. Moreover, *Apc^1638T/1638N^* and *Apc^1638T/Min^* heterozygotes died prenatally, indicating haploinsufficiency of the *A*pc*^1638T^* allele \[[@B101-genes-10-00788]\]. Heterozygous *Apc^+/1572T^* animals producing the Apc protein truncated at codon 1572 were viable, but developed multifocal mammary adenocarcinomas with pulmonary metastases; homozygous *Apc^1572T/1572T^* died during embryonic development. Interestingly, in the tumor cells derived from this particular strain, a β-catenin/TCF luciferase reporter assay (TOP-FLASH) \[[@B102-genes-10-00788]\] and co-immunoprecipitation of β-catenin and APC indicated intermediate activation of the Wnt/β-catenin pathway. Such a level of Wnt signaling is possibly insufficient for development of intestinal neoplasia, but it might initiate breast cancer \[[@B103-genes-10-00788]\].

3.3. Models Producing Mutant *Apc* Variants Shorter Than Apc Protein Expressed from the *Apc^Min^* Allele and a Strain with Complete *Apc* Deletion {#sec3dot3-genes-10-00788}
---------------------------------------------------------------------------------------------------------------------------------------------------

This chapter discusses seven mouse models that carry a short form of Apc, i.e., shorter than the protein expressed from the *Apc^Min^* allele. Additionally, we discuss the phenotype observed in animals after complete loss of the Apc protein, i.e., after removal of all *Apc* exons. The *Apc^Δ242^* allele was generated by inserting a *β-geo* gene trap cassette between exons 7 and 8. The targeting results in production of a fusion protein containing a truncated 242-amino-acid-long polypeptide lacking the armadillo repeat domain. *Apc^+/Δ242^* mice developed adenomas in the small intestine and colon with higher frequency than *Apc^+/Min^* mice, suggesting that the loss of the armadillo repeats increased tumorigenesis \[[@B104-genes-10-00788]\]. The *Apc^Δ474^* allele was created by duplication of exons 7--10 that cause a frameshift and immature stop in the *Apc* coding sequence. *Apc^+/Δ474^* heterozygotes exhibited a phenotype similar to *Apc^+/Min^* mice (polyps mainly in the small intestine and occasional mammary tumors) \[[@B33-genes-10-00788]\]. The *Apc^Δ716^* allele was constructed by insertion of the PGK--diphtheria toxin receptor selectable marker cassette into the *Ap*c locus. The insertion leads to expression of a truncated transcript encoding a 716-amino-acid-long Apc polypeptide. Interestingly, although the protein produced in *Apc^+/Δ716^* mice is longer than in *Apc^+/Δ242^* and *Apc^+/Δ474^* animals, the number of polyps (\>400) in *Apc^+/Δ716^* mice was remarkably higher than in the first two mouse strains \[[@B105-genes-10-00788]\].

Three independent research groups generated mouse strains harboring conditional knock-out (cKO) alleles of the *Apc* gene with exon 14 flanked, i.e., "floxed", by *loxP* sequences \[[@B106-genes-10-00788],[@B107-genes-10-00788],[@B108-genes-10-00788]\]. Non-recombined homozygotes of all three strains (the non-recombined alleles were termed *Apc^580S^*, *Apc^cKO^*, and *Apc^3lox14^*, respectively) were viable without any phenotype. Cre-mediated excision of exon 14 results in formation of the stop codon and production of a truncated Apc protein; Cre-recombined alleles were indicated as *Apc^580D^*, *Apc^Δ580^*, and *Apc^Δ14^*, respectively. Shibata and colleagues injected a Cre-expressing adenovirus into the lumen of the colorectal region of *Apc^580S/580S^* mice, which resulted in formation of colorectal adenomas in 80% of experimental animals \[[@B106-genes-10-00788]\]. To generate heterozygous animals harboring a germline knock-out *Apc* allele, *Apc^cKO^* and *Apc^3lox14/+^* mice were crossed with *EIIA-Cre*- and *MeuCre40*-expressing animals, respectively. In *EIIA-Cre* transgenic mice, Cre is expressed in the preimplantation embryo from early adenoviral (*EIIA*) promoter active in all tissues; in MeuCre40 mice, the Cre recombinase is expressed in all tissues. Animals from both strains developed numerous intestinal tumors, and subsequent analysis indicated that the wt *Apc* allele was inactivated by allelic loss \[[@B34-genes-10-00788],[@B107-genes-10-00788]\]. Moreover, tamoxifen-induced recombination of the *Apc^cKO^* alleles in *Apc^cKO/cKO^ Lgr5-EGFP-IRES-CreERT2* and *Apc^cKO/cKO^ Villin-CreERT2* animals allowed tissue-specific Apc inactivation in intestinal stem cells or in all intestinal epithelium cells, respectively \[[@B109-genes-10-00788],[@B110-genes-10-00788]\]. In the latter strains, massive crypt hyperproliferation followed by intestinal microadenoma formation was observed already several days after tamoxifen administration ([Figure 3](#genes-10-00788-f003){ref-type="fig"}) \[[@B111-genes-10-00788]\].

In addition to the mouse strains harboring floxed exon 14, Robanus-Maandag and colleagues generated a strain with floxed exon 15 (*Apc^15lox^*). Deletion of this particular exon in germ cells generated *Apc^+/Δ15^* mice that displayed a phenotype reminding of *Apc^+/Min^* mice. Additionally, the *Apc^+/15lox^* mice were crossed to transgenic mice expressing Cre recombinase from the fatty acid-binding protein (*Fabpl*) gene promoter; the promoter is active in epithelial cells of the distal small intestine and colon. These mice survived longer (than *Apc^+/Δ15^*) and developed about 40 tumors in the ileum, colon, and rectum \[[@B112-genes-10-00788]\].

Whereas the majority of human colorectal tumors harbor truncated *APC*, the null variant of the *APC* gene is relatively uncommon. In order to study the effect of complete loss of APC, Cheung and colleagues produced a mouse strain harboring cKO alleles allowing deletion of all 15 *Apc* exons (the recombined allele was designated *Apc^Δe1--15^*). *Apc^+/Δe1--15^* heterozygotes had a more severe intestinal phenotype than *Apc^+/Min^* mice. Importantly, as the wt *Apc* allele was inactivated in *Apc^+/Δe1--15^* animals by *Apc* promoter hypermethylation or loss of heterozygosity, it was evident that, in the mouse model, the presence of a truncated Apc protein is not required for intestinal tumor development. Interestingly, although the amount of β-catenin protein was similar in tumors of *Apc^+/Δe1--15^* and *Apc^+/Min^* mice, the levels of β-catenin-dependent transcription seemed to be lower in *Apc^+/Δe1--15^* animals \[[@B113-genes-10-00788]\]. This confirmed that the "just optimal" β-catenin level is necessary for tumor initiation and growth \[[@B90-genes-10-00788]\].

3.4. Models Expressing Stabilized β-Catenin {#sec3dot4-genes-10-00788}
-------------------------------------------

Although *APC* mutations initiate the majority of human CRCs, a subset of human colorectal tumors with intact *APC* carries protein-stabilizing mutations in *CTNNB1*. For β-catenin ubiquitination and subsequent proteasomal degradation, the conserved N-terminal serine and threonine residues (S33, S37, T41, and S45) have to be phosphorylated. These amino acids are encoded by exon 3 of the *CTNNB1* gene; the same exon is considered to be a mutation hotspot in human CRC. Missense mutations or short deletion affecting the critical amino-acid residues (the mutational changes preserve the open reading frame) prevent β-catenin phosphorylation and, thus, lead to production of a stable protein (reviewed in References \[[@B114-genes-10-00788],[@B115-genes-10-00788]\]). In order to model tumors that are initiated by alterations in the *CTNNB1* gene, Harada and colleagues generated mice harboring a conditional *Ctnnb1* allele where exon 3 was flanked by *loxP* sites (*Ctnnb1^lox(ex3)/lox(ex3^*^)^). These mice were crossed with knock-in mice expressing Cre recombinase under the control of the cytokeratin 19 promoter (*Krt1--19^Cre^*); the promoter drives Cre expression in the intestinal epithelium starting at early embryonic stages. Heterozygous *Ctnnb1^+/lox(ex3)^ Krt1--19^+/Cre^* animals developed over 3000 polyps in the duodenum and proximal jejunum and only microadenomas in the colon by the third week after birth. Alternatively, *Ctnnb1^lox(ex3)/lox(ex3^*^)^ mice were crossed with the *Fabpl^Cre^* strain; heterozygous *Ctnnb1^+/lox(ex3)^* *Fabpl^Cre^* animals developed 200 to 700 polyps in the small intestine by the age of 4--5 weeks \[[@B116-genes-10-00788]\]. In summary, the models of β-catenin oncogenic activation recapitulated a severe phenotype observed in some Apc-deficient mice.

3.5. Alleles Allowing Aberrant (Over) Expression of Wnt Agonists R-Spondins {#sec3dot5-genes-10-00788}
---------------------------------------------------------------------------

Secreted RSPOs bind the Lgr 4/5/6 receptor to potentiate the Wnt signaling pathway output. The signaling function of the RSPO/LGR complex has multiple effects and, inter alia, leads to inhibition of transmembrane E3 ubiquitin ligases zinc and ring finger 3 (ZNRF3) and ring finger 43 (RNF43). These ligases act on Wnt receptor Frizzled, mediating its turnover. However, binding of the RSPO ligand to the LGR receptor results in ZNRF3 and RNF3 internalization and subsequent degradation in lysosomes. The mechanism leads to increased availability of the Frizzled receptors on the cell surface and, thus, enhanced Wnt signaling ([Figure 1](#genes-10-00788-f001){ref-type="fig"}b) (reviewed in Reference \[[@B117-genes-10-00788]\]).

Approximately 10% of CRC specimens harbor chromosomal rearrangements that involve loci encoding *RSPO* genes. These chromosomal rearrangements are mainly based on gene fusions of *RSPO2* or *RSPO3* with another highly expressed gene, such as protein tyrosine phosphatase receptor type K (*PTPRK*), eukaryotic translation initiation factors 3e (*EIF3E*), and piezo-type mechanosensitive ion channel component 1 (*PIEZO1*) \[[@B118-genes-10-00788],[@B119-genes-10-00788]\]. All these gene fusions result in aberrant *RSPO2/3* overexpression. To investigate this type of CRC, Hilkens and colleagues developed a conditional *Rspo3* transgenic mouse (*Rspo3^inv^*) where *Rspo3* was expressed in cells producing Cre recombinase. The mice were crossed to *Lgr5-EGFP-IRES-CreERT2* \[[@B110-genes-10-00788]\] mice, and Cre-mediated *Rspo* expression was induced by tamoxifen. The animals developed hyperplasia in the small intestine, cecum, and proximal colon. The incidence of neoplasia (mainly adenoma and adenocarcinoma) was 2.5 tumors per mouse on average, and moderate upregulation of Wnt target genes was observed \[[@B120-genes-10-00788]\]. Additional mouse models were generated by Cas9-mediated fusion of *Rspo2* or *Rspo3* with *EIF3E* and *Ptprk*, respectively, using the tetracycline-inducible clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system. Since the chromosomal rearrangements occurred randomly after the Cas9-mediated DNA cleavage, this model adequately reproduced the condition that is commonly found in human CRC. Two weeks after doxycycline administration, i.e., after Cas9 induction, adenomas were observed in the mouse small intestine. Nevertheless, in both models, tumor growth was rather attenuated, and hyperplastic or dysplastic lesions were formed only. Surprisingly, contrary to the model of Hilkens and co-workers, no significant increase in Wnt target gene expression in the *EIF3E-Rspo2* or *Ptprk-Rspo3* intestines was noted \[[@B121-genes-10-00788]\].

4. Mouse Models of Inactive Hippo Signaling {#sec4-genes-10-00788}
===========================================

The Hippo signaling pathway was originally discovered in *Drosophila* as a signaling mechanism controlling the organ size. However, later studies identified involvement of the Hippo signaling in other important processes such as cell division, differentiation, and maintenance of cell pluripotency \[[@B122-genes-10-00788]\]. The core complex of the mammalian Hippo signaling pathway includes serine/threonine STE20-like protein kinase 1 (MST1; alternative name STK4) and related MST2 (STK3), large tumor suppressor kinase 1/2 (LATS1/2), scaffold proteins salvador family WW domain-containing protein 1 (SAV1), and mono-polar spindle-1 one binder kinase activator 1A/1B (MOB1A/1B). When the Hippo pathway is not active, the effectors yes-associated protein 1 (YAP1) and tafazzin (TAZ) can freely enter the cell nucleus, where they associate with transcription co-factors from the transcriptional enhancer factor 1 and abacus A family (TEAD). The YAP1 (TAZ)--TEAD complex activates transcription of pro-proliferative and anti-apoptotic genes. Conversely, when Hippo signaling is activated (by growth inhibiting signals), YAP and TAZ are phosphorylated by LATS1/2. The modification prevents their transport to the nucleus and drives their ubiquitination and degradation (reviewed in Reference \[[@B123-genes-10-00788]\]). The pathway is further controlled by ubiquitination-independent proteasome activator subunit 3 (PSME3, alternative name regenerating islet-derived protein 3 (REGγ)), which can degrade LATS1 and, thus, activate YAP1.

Neither deregulation of the Hippo pathway nor mutations in genes encoding the pathway components were reported in relation to a particular CMS group. Nevertheless, some CRCs show a positive correlation between poorer prognosis and overexpression of *YAP1*, *TAZ*, *TEAD4*, and *REGγ* \[[@B124-genes-10-00788],[@B125-genes-10-00788],[@B126-genes-10-00788],[@B127-genes-10-00788],[@B128-genes-10-00788]\]. In addition, YAP1 and TAZ proteins interact with β-catenin. The interaction leads to inhibition of β-catenin nuclear localization and results in downregulation of Wnt signaling. Moreover, since active Hippo signaling inhibits cells growth and proliferation, the signaling in fact opposes pro-proliferative Wnt pathway-mediated cellular processes. Consequently, models altering the Hippo pathway status might complement studies involving aberrant Wnt signaling.

The first model simulating the inactive Hippo pathway was represented by a transgenic mouse strain allowing doxycycline-inducible *Yap1* production/activation. Upon doxycycline administration, the mice ubiquitously expressed a mutated form of Yap1 (Yap1^S127A^), which is not phosphorylated on critical serine 127 and, thus, escapes degradation. The mice (examined five days after activation of Yap1 expression) displayed massive cell proliferation in multiple organs. The most pronounced phenotype was observed in the intestine, where the entire epithelium appeared dysplastic. Interestingly, the proliferation was not restricted to the intestinal crypts, but dividing cells were also detected in the villus region. In addition, mature goblet or Paneth cells were absent throughout the intestine \[[@B129-genes-10-00788]\]. Additionally, the same research group generated a mouse strain with Yap1^S127A^ expression regulated by intestinal epithelium-specific expression of reverse tetracycline transactivator (rtTA). Interestingly, the phenotype of these mice was fundamentally different from the animals expressing Yap1^S127A^ ubiquitously. Strikingly, seven days after induction of Yap1^S127A^, the intestinal epithelium exhibited progressive degeneration associated with loss of dividing cells in the crypts \[[@B130-genes-10-00788]\]. It was suggested that, in the whole-body Yap1 activation model, paracrine Yap1-dependent signals originated from stromal cells might support adjacent epithelial cells, and this type of support is absent in animals with tissue-specific Yap1^S127A^ expression \[[@B123-genes-10-00788]\]. Nevertheless, the discrepancy between the phenotypes observed in the above-described models remains unclear. Another model of the inactive Hippo pathway was based on null alleles of the *Mst1* gene (*Mst1^null^*) and conditional *Mst2* alleles (*Mst2^ff^*); to achieve epithelial inactivation of Mst2, the latter strain was intercrossed with transgenic *Villin-Cre* mice \[[@B109-genes-10-00788]\]. The *Mst1^null^* or *Mst2^ff^ Villin-Cre* mice were born in Mendelian ratios, but their average lifespan was 13 weeks only. The mice displayed a significantly expanded stem-cell compartment and reduced numbers of differentiated cells in both small intestine and colon; moreover, adenomas were present in the distal part of the colon. Interestingly, whereas the total amount of β-catenin was not---in comparison to control wt mice---changed, the level of nuclear β-catenin was increased. Additionally, the phenotype of *Mst1^null^ Mst2^ff^ Villin-Cre* mice was suppressed after inactivation of one or both *Yap1* alleles \[[@B131-genes-10-00788]\]. Rather surprisingly, inactivation of *Yap1* per se in the intestine had no obvious phenotype. However, when subjected to DSS treatment, the regenerative capacity of the Yap1-deficient intestinal epithelium animals was abolished \[[@B132-genes-10-00788]\]. Enhanced Hippo signaling was also investigated in *REGγ^−/−^* mice. REGγ deficiency increased expression of Lats1, and, as a consequence, the cellular level of phosphorylated Yap1 was upregulated. Nevertheless, after DSS-induced colitis, *REGγ^−/−^* mice developed lower amounts of smaller and less proliferating colorectal tumors when compared to wt mice \[[@B128-genes-10-00788]\]. In summary, the described models (the corresponding strains are listed in [Table S3, Supplementary Materials](#app1-genes-10-00788){ref-type="app"}) indicated that impaired Hippo signaling via Yap1 is involved in intestinal tumorigenesis.

5. Mouse Models of p53 Pathway Deficiency {#sec5-genes-10-00788}
=========================================

Activation of tumor suppressor p53 represents a fundamental mechanism blocking cancer cell proliferation and/or survival. Consequently, p53 loss is associated with initiation, progression, and invasiveness of various malignancies (reviewed in Reference \[[@B133-genes-10-00788]\]). In a healthy cell, the p53 level is kept low by action of E3 ubiquitin ligase mouse double minute 2 homolog (MDM2) \[[@B134-genes-10-00788]\]. Nevertheless, when the cell is exposed to adverse conditions such as oxidative stress, DNA damage, or replication stress, p53 is stabilized and induces apoptotic pathways (reviewed in Reference \[[@B135-genes-10-00788]\]). Moreover, to block cell-cycle progression, p53 activates transcription of many target genes involved in cell-cycle regulation. A prototypic p53-induced gene is represented by cyclin-dependent kinase inhibitor 1A (*CDKN1A*), which encodes cyclin-dependent kinase (CDK) inhibitor p21 (alternative name CIP1/WAF1); p21 prevents cells from entering the synthesis (S) phase (reviewed in Reference \[[@B136-genes-10-00788]\]). Loss of the p53 function was detected in 50--70% of all colorectal tumors \[[@B16-genes-10-00788],[@B137-genes-10-00788]\]; nevertheless, p53 mutations were mostly detected in advanced tumors. Thus, p53 inactivation represents one of the crucial events in adenoma-carcinoma transition. Moreover, *TP53*-mutant tumors appear to be more resistant to chemotherapy, resulting in poorer prognosis of the treated patient (reviewed in Reference \[[@B24-genes-10-00788]\]). Mutations in the *TP53* gene were found in tumors of all CMS types, ranging from 27% to 62% in the CMS1 or CMS2 group, respectively \[[@B24-genes-10-00788]\]. The most frequently mutated region of the *TP53* gene consisted of exons 5--8 that encode a sequence-specific DNA-binding domain. Intriguingly, mutations in codons 175, 245, 248, 273, and 282 were repeatedly identified in several studies \[[@B35-genes-10-00788],[@B138-genes-10-00788],[@B139-genes-10-00788]\]. These predominantly missense mutations affect the p53 ability to bind target DNA, and consequently they inhibit the transcriptional regulatory role of p53. Interestingly, different *TP53* mutations might impact CRC properties, especially lymphatic or vascular invasion and metastasis (reviewed in Reference \[[@B140-genes-10-00788]\]). Inactivation of the p53 target gene *CDKN1A* was detected in 79% of colorectal tumors, and it showed a clear correlation with *TP53* deficiency \[[@B141-genes-10-00788]\]. Strikingly, p21 loss inversely correlated with high CIMP and MSI. Moreover, in CIMP- and MSI-high CRCs, the deficiency was independent of the *TP53* status \[[@B142-genes-10-00788]\]. Therefore, colorectal tumors with mutated p21 were assigned to the CMS2 or CMS4 groups that display low CIMP and MSI and contain a high proportion of p53-mutated tumors \[[@B24-genes-10-00788]\].

A whole-body knockout of the *Trp53* gene in the mouse was described more than 25 years ago. The study confirmed the tumor suppressive role of p53; p53-deficient mice were predisposed to formation of many different types of tumors, predominantly lymphomas, osteosarcomas, and adenocarcinomas \[[@B143-genes-10-00788],[@B144-genes-10-00788]\]. Combinations of p53 deficiency with other mouse tumor models modulated the rate, localization, and number of gastrointestinal tumors. For example, *Apc^+/Min^ Trp53^−/−^* mice developed increased amounts of more invasive intestinal adenomas than *Apc^+/Min^* mice harboring wt p53 \[[@B145-genes-10-00788]\]. In addition, *Trp53^−/−^ Tcrβ^−/−^* mice suffered from more severe colitis than *Tcrβ^−/−^* mice and developed inflammation-associated adenocarcinomas in the cecum and colon \[[@B146-genes-10-00788]\]. Interestingly, AOM/DSS treatment in p53-deficient mice resulted in nuclear accumulation of β-catenin accompanied by robust activation of Wnt-responsive genes. However, increased Wnt/β-catenin-dependent transcription was not seen when animals were treated with DSS only \[[@B147-genes-10-00788]\].

Interestingly, in the case of CAC, p53 deficiency influenced not only the incidence, but also the morphology of the tumors. Comparison of tumors isolated from DSS-treated *Trp53^−/−^*, *Trp53^+/−^,* and *Trp53^+/+^* mice showed that *Trp53^−/−^* tumors are rather flat (84.6%), while *Trp53^+/−^* and *Trp53^+/+^* lesions are mostly polypoid (83.3% and 100%, respectively; polypoid tumors represent neoplastic lesions whose height is greater than one-half of their diameter). Moreover, polypoid neoplasia often carried (in 75% of cases) mutations in the *Ctnnb1* gene, and tumor cells displayed nuclear localization of β-catenin. The results suggest that different tumorigenic mechanisms affect not only the formation, but also the morphology of CAC \[[@B148-genes-10-00788]\].

In addition to the FAP syndrome, there are several other hereditary polyposis syndromes including the Peutz--Jeghers syndrome (PJS). Individuals with PJS develop gastrointestinal hamartomatous polyps due to an inactivating germline mutation in the liver kinase B1 (*LKB1*) gene (alternative name serine/threonine kinase 11 (*STK11*)). In contrast to the polyps developed in FAP patients, malignant transformation of PJS hamartomas is very rare (reviewed in Reference \[[@B149-genes-10-00788]\]). LKB1 physically associates with p53 and promotes p53-dependent apoptosis \[[@B150-genes-10-00788]\]. Importantly, restoration of LKB1 activity in (originally) LKB1-defective cancer cells induced p21 expression followed by cell-cycle arrest \[[@B151-genes-10-00788],[@B152-genes-10-00788]\]. In order to investigate the LKB1 function in PJS, mice harboring mutation in the *Lkb1* gene were generated. Homozygous germline deletion of *Lkb1* was embryonic lethal; however, heterozygous mice developed hamartomatous gastric and small intestinal polyps \[[@B153-genes-10-00788]\]. In addition, *Lkb1^+/−^ Trp53^−/−^* mice displayed increased incidence and earlier formation of tumors that retained a hamartomatous character \[[@B154-genes-10-00788]\], indicating that combined deficiency in both genes might accelerate tumor formation.

As already indicated, CDK inhibitor p21 (*Cdkn1a*) is important regulatory protein involved in cell proliferation. Surprisingly, although *p53^−/−^* mice develop multiple tumors, spontaneous tumor development was not observed in young *Cdkn1a^−/−^* mice \[[@B155-genes-10-00788],[@B156-genes-10-00788]\]. However, when the mice were reared for one year or longer, formation of hematopoietic, endothelial, and epithelial tumors was noted \[[@B157-genes-10-00788]\]. Importantly, *Cdkn1a*-deficient mice developed increased numbers of ACFs along the entire length of the colon after treatment with AOM \[[@B158-genes-10-00788]\]. Moreover, tumor incidence and metastatic potential was further potentiated by whole-body irradiation \[[@B159-genes-10-00788]\]. Similarly to *Trp53^−/−^ Apc^+/Min^* mice, the increased tumor burden was observed in *Cdkn1a^−/−^ Apc^+/1638^* animals \[[@B160-genes-10-00788]\]. The results suggested that the p53--p21 pathway plays an important role in the inhibition of growth of Apc-deficient tumors. Indeed, in human tumors, p21 loss indicates poor prognosis \[[@B161-genes-10-00788]\]. In conclusion, mutations inactivating p53 were manifested by increased incidence of neoplasia in other organs than the intestine. Therefore, to model CRC, p53 pathway-deficient mice were mainly employed in combination with other genetic modifications (or with irradiation and mutagen exposure) to provoke (or accelerate) intestinal tumor development and progression. Models described in this chapter are listed in [Table S4](#app1-genes-10-00788){ref-type="app"} ([Supplementary Materials](#app1-genes-10-00788){ref-type="app"}).

6. Mouse Models of Aberrant Activation of the Epidermal Growth Factor Signaling Pathway {#sec6-genes-10-00788}
=======================================================================================

The signaling pathway initiated by interaction of the epidermal growth factor (EGF) ligand and the EGF receptor \[(EGFR; alternative names avian erythroblastic leukemia viral (v-erb-b) oncogene homolog (ERBB1) or human epidermal growth factor receptor 2 (HER1)\] represents a signaling cascade inducing pleiotropic effects in the target cell. The effects include proliferation and inhibition of apoptosis; therefore, the pathway activity is tightly regulated (reviewed in Reference \[[@B162-genes-10-00788]\]). Ligand binding to EGFR triggers sequential activation of mitogen-activated protein kinases (MAPKs), which transduces the signal to the cell nucleus. In more detail, EGFR functions as a transmembrane receptor tyrosine kinase that undergoes autophosphorylation upon interaction with EGF. A phosphorylated intracellular portion of the receptor interacts with the Src homology 2 (SH2) domain of the cytoplasmic proteins growth factor receptor-bound protein 2 (GRB2) and son of sevenless (SOS). Receptor complex-bound SOS promotes the exchange of guanosine diphosphate (GDP) to guanosine triphosphate (GTP) associated with small G-proteins from the RAS family. GTP-loaded Ras proteins in turn activate Raf protein kinases, the initial kinases in the MAPK cascade (reviewed in Reference \[[@B162-genes-10-00788]\]).

In human sporadic CRC, several principal components of the MAPK pathway, i.e., *EGFR*, *KRAS*, *NRAS*, and *BRAF*, are recurrently mutated. Generally, activating mutations in proto-oncogenes *KRAS* and *BRAF* were present in human tumors corresponding to the CMS3 (68%) and CMS1 (42%) groups, respectively. Whereas *BRAF* mutations were almost exclusively present in these CMS groups, *KRAS* mutations were also detected, although to a lesser extent, in the CMS2 and CMS4 groups. Interestingly, in tumor-derived intestinal organoid cultures, *KRAS* mutations were found in all CMS groups except for CMS3 \[[@B26-genes-10-00788]\]. Mutations in *NRAS* were mostly detected in the CMS3 group (9%) \[[@B24-genes-10-00788]\].

To analyze the impact of genetic alterations in the EGFR pathway on CRC initiation or progression, a number of mouse models were used. According to mouse studies, mutations in the EGFR pathway alone are not sufficient to initiate colon tissue transformation \[[@B163-genes-10-00788],[@B164-genes-10-00788]\]. Nevertheless, oncogenic mutations in genes involved in EGFR-mediated signaling are considered to be driver mutations as they emerge in early (pre-neoplastic) lesions. In fact, activating mutations in *KRAS* and *BRAF* were already detected in tumor-initiating cells \[[@B165-genes-10-00788],[@B166-genes-10-00788]\]. Additionally, when these genetic alterations are combined with mutations in genes encoding *Trp53* or Wnt pathway components, they facilitate colorectal tumor progression.

6.1. Mouse Strains Expressing Mutant Epidermal Growth Factor Receptor {#sec6dot1-genes-10-00788}
---------------------------------------------------------------------

Activating mutations in the *EGFR* gene were found in 10% of the analyzed human tumor specimens. Moreover, 7% of CRCs harbored activating mutations in EGFR paralog ERBB2/HER2 \[[@B167-genes-10-00788]\]. The EGFR function in CRC was assessed using mice carrying the *Egfr^wa2^* \[[@B168-genes-10-00788]\] and *Egfr^wa5^* \[[@B169-genes-10-00788]\] loss-of-function alleles, and *Egfr^tm1Mag^* \[[@B170-genes-10-00788]\] null allele using various genetic backgrounds. Whereas *EGFR* gene amplification and activating mutations in the receptor kinase domain are frequent in human CRC samples \[[@B171-genes-10-00788],[@B172-genes-10-00788]\], experiments in mice showed that the EGFR activity is indispensable for tumors developed in *Apc^+/Min^* mice \[[@B170-genes-10-00788]\] or in AOM/DSS-induced neoplasia \[[@B168-genes-10-00788]\]. To assess the Egfr function in immune-mediated colitis, *Egfr^wa5/wa5^* mice were treated with AOM/DSS and crossed with interleukin 10 (Il10)-deficient (*Il10^−/−^*) mice, a strain that represents a model of spontaneous colitis with many characteristics of human inflammatory bowel disease (IBD). Although the incidence of tumors in AOM/DSS-treated *Egfr^wa5/wa5^* mice was comparable to wt controls, tumor progression was significantly increased. In 40% of AOM/DSS-treated *Egfr^wa5/wa5^* mice, invasive adenocarcinomas were formed; tumors in wt mice remained non-invasive. In contrast, *Il10^−/−^ Egfr^wa5/wa5^* mice exhibited elevated tumor formation and progression in comparison to *Il10^−/−^ Egfr^+/+^* mice. Since the tumors in *Il10^−/−^ Egfr^wa5/wa5^* animals developed without administration of (any) mutagen, this model might be more applicable to studying tumorigenesis in IBD patients. Nevertheless, the results of these experiments paradoxically indicated an unexpected tumor-suppressive function of EGFR signaling in chronic colitis \[[@B169-genes-10-00788]\].

6.2. Mouse Models Producing Mutant *Kras* and *Nras* {#sec6dot2-genes-10-00788}
----------------------------------------------------

*KRAS* mutations that "lock" the protein in the active GTP-bound state were detected in approximately 40% of human CRCs \[[@B173-genes-10-00788]\]. Mutations in the homologous *NRAS* gene were identified in less than 5% of sporadic CRCs. As *KRAS* is the most frequently mutated oncogene participating in EGFR signaling in human CRC, great effort was made to characterize the *KRAS* function using animal models. In human tumors, activating *KRAS* mutations are localized to the region that encodes the GTP-binding domain, specifically to codons 12 and 13. Accordingly, mouse alleles harboring substitutions in amino-acid glycine at position 12 or 13 (G12 and G13) were used to model colorectal carcinogenesis. In general, phenotypical and histological analyses of the *Kras*-mutant colonic epithelium converged on the fact that the *Kras* oncogene enhanced proliferation but was insufficient for cell transformation. However, in combination with other driver mutations, such as in *Apc* or *Trp53*, mutant *Kras* indeed promoted tumor progression \[[@B164-genes-10-00788],[@B174-genes-10-00788]\]. Additionally, several research groups generated mouse strains carrying *Kras* alleles with inducible substitution of the glycine 12 residue to aspartate (G12D) or valine (D12V). Johnson and colleagues prepared two "latent" alleles (*Kras^LA1^* and *Kras^LA2^*), which were activated by spontaneous (mutual) recombination of wt and oncogenic *Kras^G12D^* variant of exon 1. The *Kras^LA1^* allele contains only one copy of the mutated exon 1, while the *Kras^LA2^* allele contains two copies. Thus, in vivo recombination of the *Kras^LA1^* allele produces both wt and *Kras^G12D^* allele (in a 1:1 ratio), whereas the *Kras^LA2^* allele generates the oncogenic *Kras^G12D^* allele only. The frequency of recombination ranged from 10^−3^ to 10^−7^ per cell generation, which (surpassingly) ensured sufficient cell numbers expressing mutant Kras. Mice harboring the latent allele developed colonic aberrant crypt foci (ACF), which represent pre-neoplastic epithelial lesions with enhanced proliferation and potential for malignant growth \[[@B165-genes-10-00788]\]. However, ACF found in *Kras^LA1^* and *Kras^LA2^* mice did not progress to form more advanced tumors. This suggested that *Kras* was not sufficient for malignant transformation of epithelial cells \[[@B164-genes-10-00788]\]. Interestingly, the presence of *Kras^LA1^* and *Kras^LA2^* alleles on the *Apc^+/Min^* and *Trp53^−/−^* genetic background had---presumably due to the low incidence of oncogenic *Kras* allele activation---no or little effect on ACF progression, The only detectable effect was occurrence of several adenocarcinomas in the duodenum \[[@B164-genes-10-00788]\].

In order to maximize the effect of oncogenic *Kras*, additional alleles were designed. Guerra and colleagues generated mice harboring the conditional *Kras^G12V^-IRES-β-geo* allele and crossed the animals with mice that expressed tamoxifen-inducible Cre-ERT2 recombinase from the promoter of the large subunit of RNA polymerase II (*RERTn*); the allele produced upon Cre-mediated recombination was named *Kras^V12^*. Since the homozygous *Kras^V12/V12^* animals died during embryonic development, heterozygous *Kras^+/V12^ RERTn^+/ERT^* mice were utilized in further experiments. However, these mice did not reveal any pathologic changes in the intestinal epithelium \[[@B175-genes-10-00788]\]. In contrast, the similar inducible *Kras^G12D^* allele, which was specifically activated in the intestinal epithelium, caused hyperproliferation of cells in the colon crypts of *Kras^G12D^ Fabpl^cre^* mice \[[@B163-genes-10-00788],[@B174-genes-10-00788]\]. Moreover, the oncogenic form of *Kras* in the colon of Apc-deficient mice (*Apc^2lox14/+^ Kras^G12D/+^ Fapbl-Cre* strain) markedly increased the number of tumors, and, by blocking cell differentiation, Kras^V12^ induced tumor progression \[[@B174-genes-10-00788]\]. Interestingly, the *Nras^G12D^* allele in the analogous genetic background neither enhanced proliferation of the healthy colonic epithelia nor promoted progression of Apc-deficient adenomas. However, the mutant *Nras^G12D^* allele had the capacity to suppress DSS-mediated apoptosis in the colonic epithelium \[[@B174-genes-10-00788]\]. Finally, mice harboring the *Kras^G12D^-IRES-EGFP* allele (the allele was designated *Kras^Asp12^*) were crossed with *Ah-Cre* mice that produce Cre in various tissues after induction with β-naphthoflavone \[[@B176-genes-10-00788]\]. The *Kras^Asp12^ Ah-Cre* mice developed several adenomas in the small intestine and colon within two years after Cre induction. However, after crossing with *Apc^+/Min^* mice and Cre induction with β-naphthoflavone, the compound mutants (*Kras^Asp12^ Ah-Cre Apc^+/Min^*) displayed a much severer phenotype than *Apc^+/Min^* mice, i.e., decreased lifespan and elevated amounts of small intestinal and colonic tumors \[[@B177-genes-10-00788]\]. As an alternative approach to Cre-expressing mouse strains, Hung and colleagues accelerated colon adenocarcinoma progression by injection of adenoviral Cre into the colon of *Apc^cKO/cKO^* *Kras^+/G12D^* mice \[[@B178-genes-10-00788]\]. Most recently, a novel *Kras^A146T^* allele that mimics less frequent mutation in the Kras guanine nucleotide-binding domain found in human CRC was established and expressed after *Fabp1^cre^*-mediated recombination in the colon of wt and *Apc^2lox14/+^* mice. However, the effect of the mutated protein on the intestinal epithelium was milder when compared to the phenotype observed in animals expressing the *Kras^G12D^* allele \[[@B179-genes-10-00788]\].

6.3. Mouse Models Harboring Mutant *Braf* Alleles {#sec6dot3-genes-10-00788}
-------------------------------------------------

Another recurrently mutated gene in the EGFR pathway that was genetically manipulated in mice is *BRAF* \[[@B180-genes-10-00788]\]. The *BRAF* gene was mutated in approximately 10% of colorectal adenocarcinomas \[[@B37-genes-10-00788]\]. The majority of *BRAF* mutations in human cancers are localized to the region encoding a kinase domain; the gene alterations mainly result in amino-acid substitution from valine (V) to glutamic acid (G) in codon 600 (V600E missense mutation; the mutation was formerly known as V599E) \[[@B180-genes-10-00788],[@B181-genes-10-00788]\]. To study the function of aberrantly activated *BRAF* in tumorigenesis, Mercer and colleagues generated the mouse allele *Braf^V600E^* that allows Cre-inducible expression of the oncogenic *Braf* variant \[[@B36-genes-10-00788]\]. Shortly after the study was published, Dankort and colleagues produced a similar Cre-inducible *Braf^V600E^* allele and used the allele to analyze the *Braf* function in lung adenocarcinomas \[[@B182-genes-10-00788]\]. Unfortunately, none of these mouse models were employed to study colon tumorigenesis. Finally, in 2013, intestine-specific recombination of the third version of the *Braf^V600E^* allele was carried out by cross-breeding of *Braf^+/V600^* mice with the *Villin-Cre* strain. Expression of the *Braf^V600E^* oncogene in the mouse intestinal epithelium resulted in crypt hyperplasia with a high rate of tumor progression. Although the presence of the *Braf^V600^* allele was sufficient to transform cells, gene expression and immunohistochemical analysis of advanced tumors showed that additional mutations in genes encoding the Wnt and p53 pathways components were required for tumor progression \[[@B183-genes-10-00788]\]. Additionally, organoids derived from the *Braf^V600E^* mouse were employed in experiments (the allele activation was achieved by infection of organoid cells with Cre-expressing lentivirus) showing that age-related epigenetic changes are an important oncogenic driver in intestinal cells expressing mutant *Braf* \[[@B184-genes-10-00788]\].

Interestingly, CIMP- and MSI-high tumors, which fall to the CMS1 group of CRC with mutations in *BRAF*, often exhibit significant mucinous cell differentiation \[[@B29-genes-10-00788],[@B185-genes-10-00788]\]. Moreover, a correlation between enhanced expression of mucins and the presence of somatic *BRAF^V600E^* mutation was reported recently \[[@B186-genes-10-00788]\]. Major glycoprotein secreted by intestinal goblet cells Mucin-2 functions as an important homeostasis-preserving protein involved in formation of the mucinous layer protecting the intestinal epithelium \[[@B187-genes-10-00788]\]. The protective role of Mucin-2 against tissue damage was documented in *Muc2^−/−^* mice that developed adenomas in the small intestine, colon, and rectum \[[@B188-genes-10-00788]\]. Since mucinous tumors frequently display poorer prognosis, we might speculate that elevated mucin expression results in increased tumor resistance towards treatment.

In addition to MAPK signaling, the EGFR pathway activates the phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB/AKT)/mammalian target of rapamycin (mTOR) signaling cascade (reviewed in Reference \[[@B162-genes-10-00788]\]). Mutations of critical components involved in PI3K-mediated signaling, i.e., in *PIK3*, phosphatase and tensin homolog (*PTEN*; the gene encodes a dual-specificity phosphatase that antagonizes PI3K signaling \[[@B189-genes-10-00788]\]), and *AKT* occurred in 13--32%, 14%, and 1--6% of human CRC samples, respectively \[[@B190-genes-10-00788],[@B191-genes-10-00788]\]. Recently, Mitchell and Phillips reviewed the mouse models of mutant PI3K in disease, covering CRC in detail \[[@B192-genes-10-00788]\]. In addition, mouse models mimicking mutations in the *Pten* and *Akt* genes were described elsewhere \[[@B193-genes-10-00788],[@B194-genes-10-00788],[@B195-genes-10-00788],[@B196-genes-10-00788]\]. Thus, for the sake of brevity, we do not discuss the mouse models of aberrant EGF signaling that include alterations in the *Pik3*, *PTEN*, and *AKT* genes; the mouse strains that are mentioned in this chapter are listed in [Table S5](#app1-genes-10-00788){ref-type="app"} ([Supplementary Materials](#app1-genes-10-00788){ref-type="app"}).

7. Mouse Models of Impaired TGFβ Signaling {#sec7-genes-10-00788}
==========================================

The TGFβ signaling pathway is indispensable for intestinal homeostasis as it inhibits proliferation and supports differentiation of intestinal epithelial cells. Hence, the pathway represents an important tumor-suppressive mechanism. Therefore, TGFβ signaling is often altered in sporadic CRC (reviewed in Reference \[[@B197-genes-10-00788]\]). In brief, TGFβ ligands exist in three isoforms (TGFβ1/2/3) and form active homo- or heterodimers. The ligand dimers bind to TGFβ receptors type II (TGFβ-RII) that subsequently recruit and phosphorylate the TGFβ-RI receptors. In the cytoplasm, phosphorylated TGFβ-RI further bind receptor-regulated SMAD signal transducers (R-SMADs), which upon phosphorylation bind the common partner SMAD4. The R-SMAD/SMAD4 complexes then shuttle into the nucleus, where they interact with a variety of transcriptional factors and regulate gene expression (reviewed in Reference \[[@B198-genes-10-00788]\]).

The most common mutations of the TGFβ pathway in CRC are in the *TGFBR2* gene encoding the type II receptor (nearly 30% of CRCs). Since the *TGFBR2* gene contains a microsatellite sequence in its coding region, mutated *TGFBR2* was found in more than 80% of MSI-high tumors (reviewed in Reference \[[@B199-genes-10-00788]\]). Mutations in individual *SMAD* genes are present in approximately 10% of CRC and predict---due to their association with disease progression and lymph node metastasis---poor prognosis \[[@B200-genes-10-00788]\]. Mutations in *SMAD4* are the most frequent and are associated with mucinous tumor histology \[[@B201-genes-10-00788]\]. Increasing incidence of *SMAD4* mutations in advanced malignancies also suggests that this transcription co-factor is involved in tumor progression \[[@B202-genes-10-00788],[@B203-genes-10-00788]\]. In addition, hereditary germline *SMAD4* mutations are associated with the juvenile polyposis syndrome characterized by increased incidence of hamartomatous intestinal polyps that gradually progress to carcinomas \[[@B204-genes-10-00788]\]. Mutations in *SMAD2* and *SMAD3* are less frequent than in *SMAD4*, although they are very similar with respect to the mutation type and distribution in the gene region \[[@B201-genes-10-00788]\].

Intriguingly, the CMS4 group tumors indicated the gene expression signature of active TGFβ signaling \[[@B24-genes-10-00788]\]. Similarly, gene set enrichment analysis of CRC cell lines and tumor-derived organoids revealed increased activation of the TGFβ pathway in the CMS4 group cell lines and organoids. Recent studies identified cancer-associated fibroblasts (CAFs) present in the tumor stroma as a "source" of the gene expression signature, indicating elevated TGFβ signaling \[[@B205-genes-10-00788],[@B206-genes-10-00788]\]. Importantly, active TGFβ signaling in the tumor microenvironment increases the count of tumor-initiating cells in the tumor \[[@B205-genes-10-00788]\]. Moreover, tumors enriched in TGFβ-specific transcription tend to form metastases, resulting in poor prognosis \[[@B207-genes-10-00788]\]. Interestingly, mutations in the TGFβ pathway are less frequent in commercially available cell lines and tumor organoids than expected from the analysis of human tumor specimens \[[@B26-genes-10-00788]\]. This is consistent with the fact that the tumor stroma is primarily responsible for the TGFβ signaling gene signature.

In accordance with the fact that the TGFβ pathway is involved in the immune response regulation, *Tgfb1*^−/−^ mice displayed extensive inflammation and died within one month after birth \[[@B208-genes-10-00788],[@B209-genes-10-00788]\]. However, cross-breeding of *Tgfb1*^−/−^ mice with immunodeficient *Rag2*^−/−^ mice generated viable animals that developed tumors in the cecum and colon \[[@B210-genes-10-00788]\]. Homozygous knock-out of the *Smad2* and *Smad4* genes was embryonic lethal; however, deletion of one *Smad4* allele only yielded gastrointestinal hamartomas in the stomach and duodenum with histopathological features reminding of JPS \[[@B211-genes-10-00788]\]. In contrast, *Smad3* homozygous deletion did not affect embryogenesis; however, *S*mad3-deficient mice developed invasive colorectal tumors that metastasized to the lymph nodes \[[@B212-genes-10-00788]\].

Colorectal tumors arising as a result of impaired TGFβ signaling did not display elevated Wnt signaling \[[@B213-genes-10-00788]\]. This mirrored the fact that upregulation of the TGFβ and Wnt signaling pathways was observed in different CMS groups (CMS4 vs. CMS2 group, respectively) \[[@B24-genes-10-00788]\]. Nevertheless, deficiency in *Tgfbr1*/2 or *Smad3*/*4* further accelerated intestinal tumor development and increased malignancy of lesions formed in the Apc-deficient intestine \[[@B214-genes-10-00788],[@B215-genes-10-00788],[@B216-genes-10-00788],[@B217-genes-10-00788],[@B218-genes-10-00788]\]. Analogously, compound heterozygous disruption of the *Apc* and *Smad2* genes enhanced tumor progression and invasiveness \[[@B219-genes-10-00788]\]. Interestingly, mice with conditional *Tgfbr2* knock-out in the intestinal epithelium (*Tgfbr2^E2flox/E2flox^ Villin-CreERT2*) displayed impaired mucosal regeneration after irradiation and, moreover, developed invasive carcinomas in the colon upon colitis-inducing DSS treatment. Thus, the genetic alteration of the TGFβ pathway appears to be sufficient to generate CAC in the inflammatory microenvironment without any need for Apc inactivation \[[@B30-genes-10-00788]\]. Mouse strains described in this chapter are listed in [Table S6](#app1-genes-10-00788){ref-type="app"} ([Supplementary Materials](#app1-genes-10-00788){ref-type="app"}).

8. Mouse Models of DNA Mismatch Repair Deficiency {#sec8-genes-10-00788}
=================================================

The mismatch repair (MMR) mechanism provides corrections of base--base mismatches and loops in DNA strands that originate from incorrect base insertions (or deletions) during DNA replication. Nucleotide selectivity and polymerase proofreading result in the error rate of approximately 10^−5^ to 10^−6^ mismatches during DNA replication. Importantly, the functional MMR system further decreases the error rates to as low as 10^−10^ \[[@B220-genes-10-00788]\]. The canonical MMR pathway in humans consists of two major functional components having names derived from homologous bacterial genes, mutator S (*MutS*) and mutator L (*MutL*). MutS contains the MutS homolog 2 (MSH2) protein, which forms a heterodimer with the MSH6 protein, in the case of base substitutions and small loop repairs, or with MSH3, in the case of larger DNA loops. Heterodimer MutL, formed with MutL homolog 1 (MLH1) in combination with postmeiotic segregation increased 1/2 (PMS1/2) or MLH3, is involved in the recognition and repair of non-Watson--Crick base pairs. MMR deficiency leads to a higher mutation rate and occurs in cancers with MSI. Thus, intestinal tumors with mutations in the MMR pathway genes were assigned to the CMS1 group. As might be expected, the increased presence of neoantigens generated as a result of non-functional MMR also leads to significant infiltration of the CMS1 group tumors by immune cells. Impaired MMR is also associated with hereditary nonpolyposis colorectal cancer, so-called Lynch syndrome. Moreover, increased MSI was found in patients with ulcerative colitis \[[@B221-genes-10-00788]\].

Loss of the MMR function is mainly caused by inactivating mutations in the *MLH1*, *MSH2*, *MSH3*, *MSH6*, and *PMS1/2* genes. Additionally, epigenetic changes, e.g., hypermethylation of the *MLH1* promoter, may also be involved in silencing of gene expression of some MMR pathway components (reviewed in Reference \[[@B222-genes-10-00788]\]). Colorectal tumors associated with MMR deficiency exhibit several characteristic features such as proximal colon localization, mucinous or undifferentiated phenotype, and lymphocytic infiltrations \[[@B223-genes-10-00788]\]. In mice, homozygous deletion of the MMR genes is mostly compatible with the animal life; however, inactivation of the genes might result in lymphomas and other tumor types including adenomas formed in all segments of the gastrointestinal tract (the corresponding models of the deficient MMR pathway are listed in [Table S7, Supplementary Materials](#app1-genes-10-00788){ref-type="app"}). For example, *Mlh1^−/−^* and *Msh2^−/−^* mice developed tumors predominantly in the small intestine and survived no longer than one year \[[@B31-genes-10-00788],[@B224-genes-10-00788]\]. *Msh3^−/−^* mice did not exhibit any cancer predispositions; nevertheless, *Msh6^−/−^* mice developed lymphomas of the skin and uterine carcinomas. Interestingly, combination of *Msh6* and *Msh3* null alleles promoted intestinal tumorigenesis \[[@B225-genes-10-00788]\]. In addition, no neoplastic lesions were observed in *Pms1^−/−^* mice; in contrast, *Pms2^−/−^* animals developed lymphomas and sarcomas and died (without any occurrence of intestinal neoplasia) at the age of 17 months \[[@B226-genes-10-00788]\]. The absence of the *Mlh3* gene product caused MSI accompanied by impaired DNA damage response and tumor development throughout the lower gastrointestinal tract. In these animals, tumor incidence was further increased by a simultaneous germline deletion of the *Pms2* gene; the resulting phenotype then mirrored the situation observed in *Mlh1^−/−^* mice \[[@B227-genes-10-00788]\]. Mice harboring *Msh2* cKO alleles and *EIIa-Cre* transgene (the transgene allows constitutive gene recombination of floxed sequences in the zygote \[[@B228-genes-10-00788]\]) recapitulated the phenotype observed in *Msh2^−/−^* mice, i.e., they displayed MMR deficiency and developed intestinal tumors. In contrast, intestinal inactivation of *Msh2* in *Msh2^cKO/cKO^* *Villin-Cre* mice was compatible with near-standard life expectancy. Strikingly, these mice developed intestinal tumors with truncating somatic *Apc* mutations \[[@B229-genes-10-00788]\]. Intriguingly, somatic mutations truncating Apc were also detected in tumors developed in *Msh2^−/−^* mice \[[@B230-genes-10-00788]\].

It is evident that MMR deficiency leads to increased predisposition of intestinal cells to mutations that further potentiate tumor growth. For example, *Msh2^−/−^* mice harboring the inducible oncogenic *Kras^V12^* allele developed a higher number of colon adenomas when compared to *Msh2^−/−^* animals producing wt *Kras* \[[@B231-genes-10-00788]\]. Similarly, germline deletion of *Mlh1* or *Msh2* increased colon tumor incidence in *Apc^+/1638N^* and *Apc^+/Min^* mice, respectively \[[@B224-genes-10-00788],[@B230-genes-10-00788]\]. Moreover, mutations in the particular "MMR gene" might also influence the way in which the second (wt) *Apc* allele is inactivated. For example, similarly as in the case of Msh2-deficient mice, *Mlh3^−/−^ Apc^+/1638N^* mice showed increased frequency of frameshift mutations in the wt *Apc* allele; however, these frameshift mutations were, in contrast to mutations induced by MSI, in the non-repetitive sequences. Furthermore, combined homozygous deletion of *Mlh3* and *Pms2* caused increased incidence of base substitutions in *Apc*. Moreover, the position of the genetic changes in the wt *Apc* allele was also dependent on which MMR gene was mutated. For example, *Apc* mutations in *Mlh3^−/−^ Pms2^−/−^* or *Mlh1^−/−^* mice occurred preferentially in the mutation hotspot in codons 854, 929, 1211, and 1464 \[[@B227-genes-10-00788],[@B232-genes-10-00788],[@B233-genes-10-00788]\]. In conclusion, although all of the "MMR genes" belong to one signaling pathway, the phenotype caused by their (combined) mutations varies with respect to the genetic change, tumor type, and tumor incidence.

9. Future Perspectives {#sec9-genes-10-00788}
======================

In this review, we summarized some currently available mouse models of intestinal tumorigenesis. We also attempted to assign the models to the recently introduced CMS system used for classification of human CRCs. Although many mouse strains develop different types of neoplasia as a result of a single mutational event, multiple genetic alterations are necessary to obtain a progressed solid tumor in a "reasonable" time period. Since the initial mutation in the majority of human sporadic colorectal carcinomas occur in the *APC* gene, the effect of mutations in other possibly driver genes is often studied on the Apc-deficient genetic background. Alternatively, to mimic human CAC, the gene of interest can be modified in animals with DSS-induced colitis.

In relation to assignment of individual CRCs to one of the CMS groups, the question arises whether such an assignment, which indicates the gene expression profile of the resected tumor, is retained during tumor progression. Numerous experiments showed that combination of multiple genetic changes and the inflammatory response have a profound influence on the gene expression profile and cell composition of the primary lesion. This fact indicates that CMS group "switching" is common. Consequently, the necessity for sequential (multiple) genetic changes (or epigenetic alterations) limits the usage of the mouse cancer models. Nevertheless, there are recent examples showing that these limitations can be overcome. For example, mouse models using sleeping beauty (*SB*) transposon-based insertional mutagenesis allowed simultaneous inactivation of multiple genes. Moreover, usage of the *SB* system in mice that already carried a driver mutation were employed to either study the importance of the order of certain genetic changes, or to detect low-frequency mutations in the genes that cooperate with the particular driver mutation \[[@B234-genes-10-00788],[@B235-genes-10-00788]\]. In addition, intestinal organoid cultures were used to introduce multiple genetic alterations into the genome of intestinal epithelium cells. The indisputable advantage of using organoids is the possibility to work with primary human cells obtained directly from the tumor (or healthy) tissue. Moreover, organoid preparation and genetic manipulations are much faster than generation of a new genetically modified mouse strain. For example, in 2015, two laboratories used the CRISPR/Cas9 system to sequentially introduce four mutations in *APC*, *TP53*, *KRAS*, and *SMAD4* genes into human cells growing as colon organoids \[[@B236-genes-10-00788],[@B237-genes-10-00788]\]. We anticipate that organoids, although a very suitable in vitro model, do not contain all cell types present in a tumor growing in a particular organ. Thus, conclusions drawn from the results obtained in organoids do not necessarily correspond to the situation in vivo. Nevertheless, to obtain a more comprehensive and detailed picture, the existing mouse cancer models should be more thoroughly characterized. A high-throughput gene expression and proteomic analysis of mouse tumors induced by different genetic alterations would undoubtedly yield more accurate information on the tumor characteristics developed in a given mouse model.
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![The canonical Wnt signaling pathway. (**a**) In the absence of Wnt ligand, a cytosolic protein complex composed of adenomatous polyposis coli (APC), axis inhibition (Axin), casein kinase 1 α (CK1α), glycogen synthase kinase 3 β (GSK3β), and β-transducin repeat-containing E3 ubiquitin protein ligase (βTrCP) mediates phosphorylation and ubiquitination of β-catenin (β-cat). Phosphorylated β-catenin is subsequently degraded by the proteasome. In such a situation, transcription factors from the T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) family are held in an inactive state by interaction with transcription repressor Groucho that blocks transcription of Wnt signaling target genes. (**b**) Binding of the Wnt ligand to receptor Frizzled and co-receptor low-density lipoprotein receptor-related protein (LRP) leads to LRP phosphorylation that induces Axin recruitment to the cell membrane. As a result, the destruction complex is disassembled and β-catenin translocates to the cell nucleus to activate, in cooperation with TCF/LEF factors, transcription of Wnt target genes. R-spondin (RSPO) ligand binds the leucine-rich repeat-containing G-protein coupled receptor (Lgr) 4/5, which results in internalization and subsequent proteasomal degradation of transmembrane E3 ubiquitin ligases zinc and ring finger 3 (ZNRF3) and ring finger 43 (RNF43). The ligases mediate turnover of the Wnt receptor Frizzled and their inhibition enhances Wnt signaling. (**c**) Truncated APC protein does not retain the ability to scaffold the destruction complex, resulting in β-catenin stabilization and aberrant expression of Wnt target genes, i.e., even without the presence of the Wnt ligand.](genes-10-00788-g001){#genes-10-00788-f001}

![The domain structure and truncated variants of mouse adenomatous polyposis coli (Apc) protein. The scheme indicates positions of germline *Apc* mutations utilized in mouse models. The names of mutations correspond to the terms used in the studies describing a particular cancer model; the region which was deleted in the *Apc^ΔSAM^* allele is underlined; Δ indicates deletion; AA, amino acid; AAR, amino-acid repeats; Axin, Axis inhibition; DLG, discs large; EB1, end-binding protein 1; SAMP, serine--alanine--methionine--proline.](genes-10-00788-g002){#genes-10-00788-f002}

![Crypt hyperplasia and microadenomas arising in the Apc-deficient small intestine. Immunohistochemical localization of proliferating cell nuclear antigen (PCNA; brown cell nuclei) in mice of the indicated genetic background. The middle microphotograph shows the hyperplastic crypt compartment developed in *Apc^cKO/cKO^ Villin-CreERT2* mice seven days after tamoxifen administration; the right image shows microadenomas (red arrowheads) formed in the *Apc^cKO/cKO^ Lgr5-EGFP-IRES-CreERT2* small intestine 21 days after tamoxifen administration. Sections were counterstained with hematoxylin (blue nuclear signal); scale bar: 0.3 mm (adopted from Reference \[[@B111-genes-10-00788]\]).](genes-10-00788-g003){#genes-10-00788-f003}
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###### 

Biological characteristics of consensus molecular subtype (CMS) groups of colorectal tumors.

  CMS1                          CMS2                                    CMS3                   CMS4
  ----------------------------- --------------------------------------- ---------------------- -----------------------------------------------
  MSI high                      MSI negative                            Mixed MSI status       MSI low
  CIMP high                     CIMP negative                           CIMP low               CIMP negative
  SCNA low                      SCNA high                               SCNA moderate          SCNA high
  BRAF mutations                TP53 mutations                          KRAS mutations         TP53 mutations
                                epithelial signature                    epithelial signature   mesenchymal signature
                                Wnt and Myc target genes upregulation   enhanced metabolism    EMT activation and matrix remodeling
  immune infiltration                                                                          stromal infiltrationTGFβ signaling activation
  worse survival after relaps                                                                  worse relaps-free and overall survival

*BRAF*, B-Raf proto-oncogene; CIMP, cytosine-phosphate diester-guanine nucleotide (CpG) island methylator phenotype; EMT, epithelial--mesenchymal transition; *KRAS*, Kirsten rat sarcoma viral oncogene homolog; MSI, microsatellite instability; SCNA, somatic copy number alterations; *TP53*, tumor protein 53 (adopted from Reference \[[@B24-genes-10-00788]\]).

genes-10-00788-t002_Table 2

###### 

Selected mouse models suitable for studying tumors belonging to the particular CMS group. Since CMS4 tumors are mainly characterized by activation of the transforming growth factor β (TGFβ) pathway in stromal cells, we did not include any mouse model to this category. It should be noted that mouse strains allowing downregulation of TGFβ signaling are available. However, tumors developed in these mice fit well into the CMS2 group. N/A, not available.

                                          Generated Allele or Strain Name                                                                       Advantages                                                                              Disadvantages                                Reference
  --------------------------------------- ----------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------- -------------------------------------------- ---------------------------
  CMS1                                    *Braf^V600E^*                                                                                         crypt hyperproliferation, high incidence of tumors, mucinous phenotype                  not all the animals develop tumors           \[[@B29-genes-10-00788]\]
  *Mlh1^-/-^*                             100% tumor development within 4 months                                                                tumors develop in many other tissues, short lifespan                                    \[[@B30-genes-10-00788]\]                    
  *Msh2^loxP/loxP^ Villin-Cre*            90 % of mice developed adenomas and adenocarcinomas, tumor formation is restricted to the intestine   mosaic recombination in the tissue                                                      \[[@B31-genes-10-00788]\]                    
  CMS2                                    *Apc^Min^*                                                                                            multiple intestinal tumors, early tumor development, recapitulates human FAP syndrome   relatively rare tumorigenesis in the colon   \[[@B32-genes-10-00788]\]
  *Apc^cKO/cKO^ Lgr5-EGFP-IRES-CreERT2*   inducible tumor initiation, all tumors develop during the same (and defined) time period              tamoxifen dose-dependent variability of the phenotype                                   \[[@B33-genes-10-00788]\]                    
  *Catnb^+/lox(ex3)^ Krt1-19-Cre*         early tumor development, large amount of tumors, microadenomas in the colon                           short lifespan due to extensive tumorigenesis                                           \[[@B34-genes-10-00788]\]                    
  *Apc^Min^ p53^-/-^*                     increased number and invasivity of intestinal tumors                                                  tumors develop in many other tissues, short lifespan                                    \[[@B35-genes-10-00788]\]                    
  CMS3                                    *Apc^2lox14/+^ LSL-Kras^G12D^ Rapbp1-Cre*                                                             combination of Apc and Kras mutations, adenomas in the colon                            crossbreeding                                \[[@B36-genes-10-00788]\]
  *Apc^Min^ K-ras^Asp12^ Ah-Cre*          increased number of intestinal tumors with higher effect in the colon                                 crossbreeding                                                                           \[[@B37-genes-10-00788]\]                    
  CMS4                                    *N/A*                                                                                                                                                                                                                                      
